Three space heating systems (floor heating with different floor covering resistances, radiator heating with different working temperatures, warm-air heating with and without heat recovery) were compared using a natural gas fired condensing boiler as the heat source. For the floor heating systems, the effects of floor covering resistance on the whole system performance were studied using two heat sources; a natural gas fired condensing boiler and an air-source heat pump. The heating systems were also compared in terms of auxiliary exergy use for pumps and fans.
Introduction
The choice of space heating system (terminal unit, heat source, etc.) in buildings has important effects on energy and exergy demands, occupant thermal comfort, and on global environment. Although heating load calculations and energy-wise analyses are necessary for system dimensioning, they are not sufficient since energy analyses cannot quantitatively clarify the effects of working temperature levels. Several studies have documented that energy analyses alone are not sufficient to completely understand energy use [1] , [2] , [3] . Exergy analysis can be used for this purpose. Exergy has a wide application range in engineering systems, including heating, cooling, ventilation systems and built environment [4] , [5] , [6] , [7] , [8] . Recently, exergy analysis has also been used to evaluate the operation and control of heating, ventilation and air conditioning (HVAC) systems in buildings [9] , [10] , [11] .
Gonçalves et al. [12] compared energy and exergy performances of eight space heating alternatives under different climatic conditions. Zhou and Gong [13] studied the whole chain of exergy flows for a building heating and cooling system by hourly varying the reference state. Balta et al. [14] , Lohani [15] , and Lohani and Schmidt [16] studied different heat sources for building heating applications. Zmeureanu and Wu [17] studied the energy and exergy performance of residential heating systems. Schmidt [18] compared different heat sources and heat emission systems (radiator and floor heating), and concluded that the floor heating system performs close to ideal conditions (real exergetic demand of the zone). This is mainly due to the low temperature heating possibility of water-based radiant floor heating systems. Kilkis [19] studied the possibilities of coupling radiant floors to air-source heat pumps, and showed that it is possible to eliminate the supplementary boilers, and this coupling can increase the coefficient of performance (COP) of heat pumps.
The surface covering of a radiant floor heating system could be a subjective choice due to interior design of spaces, and this could have important effects on the performance of the floor heating system, and on the whole space heating system. Simmonds et al. [20] , and Sattari and Farhanieh [21] studied the effects of floor covering M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 4 on radiant floors. After a parametric study, Sattari and Farhanieh [21] concluded that the type and thickness of the floor covering are the most important parameters in the design of radiant heating systems.
This study compares the exergy performance of different space heating systems, using a single-family house as a case study. The house was considered to be conditioned with different space heating systems and the exergy performances of these systems were compared. The systems were floor heating with different floor covering resistances, radiator heating with different working temperatures, warm-air heating with and without heat recovery. These systems were also compared in terms of auxiliary exergy used for pumps and fans. The relative benefits of applying heat recovery in the ventilation system were also studied.
For the floor heating systems, the effects of floor covering resistance on the whole system performance was studied, and two heat sources were compared; a natural gas fired condensing boiler and an air-source heat pump.
Description of the case studies and determination of the key parameters 2.1. Construction details and description of the house
The house considered in this study was a detached, one-story, single-family house with a floor area of 66.2 m 2 and a conditioned volume of 213 m 3 . The house was located in Denmark. It was constructed from wooden elements. The house was insulated with a combination of 200 mm mineral wool and 80 mm compressed stone wool fibers.
Inside the house, there was a single space combining different functions. The glazing façades were partly shaded by the roof overhangs. The largest glazing façade was oriented to the North with a 19° turn towards the West. The sensible heating and cooling of the house relied on the low temperature heating and high temperature cooling principle by the hydronic radiant floor. The floor heating system was a dry radiant system, consisting of a piping grid installed in the wooden layer. The details of the floor system were: chipboard elements, with aluminum heat conducting profiles (thickness 0.3 mm and length 0.17 m), PE-X pipe, 17x2.0 mm. Pipe spacing was 0.2 m. The available floor area for the embedded pipe system installation was 45 m 2 , which is 68% of the total floor area. Fig. 2 shows the details of the floor structure. The heat source and sink of the house for space heating and cooling was outdoor air, using a reversible air-tobrine heat pump. The minimum and maximum cooling capacities and the nominal power input in the cooling mode were 4.01, 7.1, and 2.95 kW, respectively. The minimum and maximum heating capacities and the nominal power input in the heating mode were 4.09, 7.75, and 2.83 kW, respectively.
A flat-plate heat exchanger was installed between the hydronic radiant system of the house and the air-to-brine heat pump. The pipes between the heat exchanger and the heat pump were filled with an anti-freeze mixture (40% ethylene glycol) to avoid frost damage during winter.
A mixing station which linked the radiant system with the heat source and sink, and the controller of the radiant system controlled the flow and the supply temperature to the radiant system. The operation of the radiant system was based on the operative temperature set-point that was adjusted on a room thermostat and on the relative humidity inside the house to avoid condensation during summer.
The house was ventilated mechanically by an air handling unit (AHU), by which only the fresh air taken into the house was heated or cooled since the main sensible heating and cooling terminal was the radiant system. This also made it possible to have lower air flow rates compared to a system where space heating and cooling is mainly obtained by an air system [22] . The design ventilation rate was 0.5 ach [23] .
There were two options for heat recovery in the AHU. One was obtained by means of a cross-flow heat exchanger with the heat recovery efficiency of 85% (sensible heat) and with a by-pass route. The other was achieved by means of a reversible air-to-water heat pump that was coupled to the domestic hot water tank. The former is the passive and the latter is the active heat recovery, respectively. The AHU could supply fresh air at a flow rate of up to 320 m 3 /h (1.5 ach) at 100 Pa. Further details of the components and the system can be found in [24] , [25] , [26] .
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Determination of the design heating load
The dimensioning of the systems in the house was based on the design outdoor condition, which in Denmark is an outdoor air temperature of -12°C [27] , though in the theoretical analyses in this paper the outdoor temperature was taken to be -5°C, which is a more typical winter temperature. Previous experiments comparing the performance of different heating systems in a room had also assumed an outdoor temperature of -5°C [28] .
For all cases, the indoor temperature was considered to be 20°C (air temperature and mean radiant temperature).
The calculations were carried out under steady-state conditions. No solar heat gains were considered. The internal heat gain was considered to be constant and 4.5 W/m 2 , which represents two persons at 1.2 met and other household equipment. For the given heat recovery efficiency in the AHU, the supply air temperature after the heat recovery was 16.3°C. The parameters used in the load calculations and the resulting space heating loads are given in Table 2 . Following the calculation of the space heating load, the parameters of the different space heating strategies necessary for the present exergy analyses were determined. It was assumed that the heating demand of the house was addressed with different heating systems; floor heating, radiator heating, and warm-air heating. The following assumptions were made during the calculations:
In the actual house there was a heat exchanger between the radiant system and the heat pump, but for the calculations this heat exchanger was neglected and it was assumed that the water in the embedded pipes circulated directly through the boiler or the condenser of the heat pump. The same assumption applied to the radiator heating cases.
The supply air was 100% outdoor air (no recirculation), and the indoor air was assumed to be fully mixed.
The active heat recovery was not considered and the AHU was considered to be working in the passive heat recovery mode, as described in 2.2.
It was assumed that there was no heat loss from the floor heating system, radiators, pipes and ducts to the outdoors.
The schematic drawings of the analyzed heating systems are given in Fig The load calculations showed that a specific heat output of 48.4 W/m 2 -floor heating area with an average floor surface temperature of 24.7°C was required to meet the necessary space heating demand. The heat output and surface temperatures were calculated according to [29] and [30] . The surface temperatures of the floor heating systems were the same for all cases, and this was achieved by adjusting the supply and return temperatures to the floor heating system. For all cases, the temperature drop between the supply and return water in the radiant system was 4 K. The mass flow rate was calculated based on EN 1264-3:2009 [31] and was found to be 469 kg/h. A summary of the floor heating cases is given in Table 3 . (supply/return water temperature in °C).
The required flow rates in the radiators were determined according to the space heating load and the temperature difference between the supply and return water temperatures to and from the radiator.
The average surface temperatures of the radiators were assumed to be 0.3°C lower than the simple average value of inlet and outlet water temperatures. This value was determined so that not only the energy balance but also the entropy and exergy balance equations were satisfied. Table 4 summarizes the radiator heating cases. In addition to the water-based heating systems, an air-based heating system was also analyzed and two cases, without and with a heat recovery device, as shown in Fig. 3 c) and d), were studied.
The supply air temperature to the space was limited to 35°C [27] . The necessary heating rate needed for bringing the outdoor air at -5°C to the supply air temperature of 35°C was 5460 W when there was no heat recovery, and it decreased to 2559 W with heat recovery. The necessary heat was supplied to the air by an air-heating coil which was connected to a boiler. The supply and return water temperatures to the air-heating coil were 50°C and 39°C, respectively [32] .
The necessary air flow rate (1.9 ach) and the water flow rates in the air-heating coil are given in Table 5 together with a summary of the warm-air heating cases. 
Fan and pump powers
The power to be supplied to fans and pumps that circulate the heat transfer medium in pipes or in ducts was determined as follows.
For the floor heating and radiator heating cases, it was assumed that there is a pump which circulates the water between the boiler or heat pump and the floor loops and radiators. Additionally, two identical fans (supply and exhaust) were considered in the AHU. For the warm-air heating cases, a pump, which circulates the water between the boiler and the air-heating coil, was assumed. For the case without heat recovery, only a supply fan providing the necessary air flow to the indoors was assumed, while for the case with heat recovery, two identical fans were assumed.
The pump power for different cases was obtained from the pump specifications (performance curve of the installed pump) as a function of the water flow rate and the required pressure increase, assuming the pump actually installed in the house.
The measurements from the house were used to obtain the fan powers. The measurements from the house showed that the AHU was using 67.9 W with a ventilation rate of 0.5 ach (105 m 3 /h) [26] , which corresponds to a total specific fan power (SFP) of 2331 J/m 3 for two fans, and for one fan it corresponds to 1166 J/m 3 . This SFP value is in SFP 3 category according to EN 13779:2007 [34] .
Assuming that the fans for the warm-air heating cases are also in SFP 3 category (1200 J/m 3 ), the fan powers were calculated as a function of the air-flow rates. Table 6 summarizes the pump and fan powers for different cases. For the first part of the analyses, it was assumed that the heat generation for space heating for all cases was through a natural gas fired condensing boiler with an efficiency of 90% [5] , [35] . The ratio of chemical exergy to the higher heating value of natural gas was taken as 0.93 [5] .
In the second part of the analyses, it was assumed that the floor heating was coupled to an air-to-water heat pump. The COP of the heat pump was obtained from the manufacturer's datasheets as a function of the outdoor air temperature and the temperature of the water leaving the condenser (assumed equal to the supply water temperature to the floor loops).
It was assumed that the electricity provided to the heat pump, pumps, and fans was generated in a remote, natural gas fired power plant. The conversion efficiency at the power plant, transmission and distribution efficiencies combined was assumed to be 0.35 [5] .
3. Basic definitions of exergy and calculation methodology 3.1. Basic definitions
For any system in consideration, it is possible to obtain the exergy balance equation from energy and entropy balance equations. In general form, exergy balance equation is obtained as follows [5] :
The energy and entropy balance equations for a system are
In its general form, exergy = energy -entropy · T o . Therefore it is possible to obtain the exergy balance equation Eqs. (1), (2), and (3) indicate that every system consumes a part of the supplied exergy and in the meanwhile entropy is generated. This applies for heating and cooling systems in buildings as well.
Heating exergy load
The heating exergy load [1] is the necessary load that the heating system has to address. It is defined as 
Exergy supplied to indoors
The exergy supplied to the indoor space from floor heating, from radiators, and from warm air are given in Eqs.
(5), (6) , and (7), respectively:
Where Exergy consumed in the indoor space is the difference between the exergy supplied indoors and the heating exergy load.
3.4. Exergy consumption in the floor, radiator, air-heating coil, and heat recovery device
The exergy consumptions in the floor structure and in the radiator are possible to obtain from the exergy balance for these terminal units as
Where ∆X w is the difference between the rate of exergy of the supply and return water (net exergy input) [W], The exergy of the supply and return water flows are calculated as The exergy consumption in the air-heating coil in the AHU is obtained as
Where X w,supply is the exergy of the water entering the air-heating coil (from boiler) [W], X w,return is the exergy of the water leaving the air-heating coil (to boiler) [W], X a,out is the exergy of the air leaving the air-heating coil
[W], and X a,in is the exergy of the air entering the air-heating coil [W] . The exergy of the water is calculated using Eq. (10). The exergy of the air is calculated using the following Eq. (14) .
Where The exergy consumption in the heat recovery unit is obtained through the exergy balance equation set up for the heat recovery device:
Where X outdoor air is the exergy of the intake air from outdoors (=0) [W], X exhaust air is the exergy of the exhaust air (from the indoor space) [W], X inlet air is the exergy of the inlet air (supply air for the floor heating and radiator heating cases, and the air entering the air-heating coil in the warm-air heating case with heat recovery)
[W], and X discharge air is the exergy of the discharge air (discarded to the environment after the heat recovery)
[W]. Eq. (14) is used for calculating X outdoor air , X exhaust air , X inlet air , X discharge air .
In addition to the exergy consumption due to heat transfer in the heat recovery device, the discharged air also contains a certain amount of exergy. This exergy is totally consumed while the discharged air is completely discarded into the environment.
Exergy input to the boiler and the power plant
The exergy input to the boiler is calculated using Eq. (16) . 
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The exergy consumption within the radiators was very small, ranging from 1.2 W to 1.7 W, (0.2% to 0.6% of net thermal exergy input to the radiators). This small exergy consumption was mainly due to the assumed surface temperature (due to the high conductivity of materials used for constructing radiators) of the radiators. Regarding the exergy inputs to the heating plant, it can be observed that the use of a boiler does not allow taking advantage of the low exergy demand of the radiant floor heating system. The largest exergy consumption through the whole space heating process occurs in the boiler and this is mainly due to the combustion process inside the boiler.
Due to this mismatch of supply (high) and demand (low) exergy levels, an air-source heat pump was assumed to replace the condensing boiler to be the focus in the following analyses.
4.2.Comparison of the effects of different floor covering resistances on heat pump performance
The exergy flows for the whole process of space heating using a heat pump is shown in Fig. 6 . Fig. 6 shows that in order to obtain the same space heating effect, higher electricity input is required to the heat pump with increased floor covering resistance. This means that a higher exergy input is necessary to the power plant where the electricity is generated. This system behavior is because a higher floor covering resistance requires higher average water temperature for the floor heating system, which leads to a higher condensing temperature for the heat pump, decreasing the heat pump performance (lowering the COP), as given in Table 3 .
When the overall exergy inputs to the boiler and to the power plant are compared, the results show that the use of a heat pump instead of a boiler is beneficial only when the floor covering resistance is kept to a minimum (FH_LoRes). For FH_MRes and FH_HiRes, the use of a boiler is a better choice, as far as the present cases are concerned. These results indicate that further considerations are necessary regarding different heat sources.
The results suggest that the improved COP and lowered floor covering resistance has similar effects on the whole system performance, i.e. improvement with the same thickness (or material) is comparable to an improvement in the heat pump COP. The results also show that the increased floor covering resistance has a similar effect on the heating plant (waterside of the radiant floor heating system) to an increase in heating load, although the space heating load itself is in fact constant; to obtain the same space heating effect, higher electricity input is required to the heat pump, and 14% higher exergy input is necessary to the power plant for FH_HiRes compared to FH_LoRes.
4.3.The effects of the heat source
The comparison of the boiler and the heat pump showed that there is a critical COP value (2.57 for the present calculations) for a heat pump, and the COP should be greater than this value for the heat pump to be beneficial over the boiler. This finding agrees with Kilkis [35] that it is crucial to consider and account for the source of the electricity used for the heat pump (generation plant, fuel input to the plant, distance to the utilization site, etc.).
In order to achieve a higher system performance, the improvement could be either on the power plant (higher conversion efficiency, on-site generated renewable electricity, etc.) or on the performance of the heat pump;
increased COP through a better heat pump, by using a heat pump which is coupled to another heat source, such as ground, lake water, sea water, etc. Recent studies [5] , [36] showed that an air-source heat pump does not benefit from any heat source (ambient air does not contain any exergy as opposed to other heat sources and sinks which contain exergy), and it is basically a machine to separate the exergy (electricity) into cool and warm exergy.
In order to make a true use of the sustainable energy resources (ground, lake, sea, etc.), the first priority is to minimize the heating and cooling demands of the building. Such minimization would allow the use of a broad range of heat sources and sinks. With a high heating and cooling demand, the exergy demand necessarily becomes higher and it narrows the range of heat sources and sinks that can be used so the use of low-exergy ones becomes limited and the use of mid-to high-exergy content resources becomes inevitable.
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4.4.Auxiliary energy input, and heat recovery in the AHU
In addition to the thermal exergy analyses, the effects of electricity inputs to pumps and fans on the whole exergy consumption patterns were also considered. The results are presented in Fig. 7 . components for FH_HiRes and R_45, respectively). A difference of 5 W might not seem significant from the energy viewpoint (thermal energy load is in the order of 10 2 to 10 3 ) but from the exergy viewpoint, it is significant. Considering radiative exergy emission and absorption, magnitudes of mW (in the order of 10 -3 ) can make a difference in the perception of the thermal environment [5] , therefore a difference of 5 W exergy is not negligible and presents an advantage over the radiator solution.
The results also show that an air-based heating system requires large fan powers, resulting in a further decrease of the energy and exergy performance. This is mainly because larger flow rates and volumes are required to transport the same amount of heat with air compared to water-based systems and this emphasizes an advantage of water-based heating and cooling systems over air-based systems.
In the current study and in actual house design [24] , [26] , the indoor space was mainly heated and cooled by the radiant floor heating and cooling system and the ventilation system was only used to provide the required amount of fresh air. When considering the pump and fan consumptions together with the thermal exergy values presented previously in 4.1, this approach proved to be an efficient approach.
The analyses showed that to fully benefit from the low-exergy potential of low temperature heating and high temperature cooling systems, the dimensioning of the auxiliary components (fans, pumps, valves, dampers, and so forth) should be carried out carefully. It is crucial to minimize the exergy demand of these components;
especially for systems with a low temperature difference between the supply and return flows. This becomes clearer in terms of exergy: for the floor heating cases, the energy supplied to the pump is 1.3% of the heat There is a trade-off between the exergy gain with the heat recovery unit and the electricity necessarily supplied to the additional exhaust fan (also the extra fan power needed to cover the additional pressure drops). Depending
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When considering the warm-air heating cases without and with heat recovery, extra exergy input for the added exhaust fan is the crucial parameter to consider when evaluating the benefits of heat recovery. The extra exergy input required at the power plant for the additional fan in the case of warm-air heating with heat recovery is 357.4 W which is significantly less than the saved exergy input to the boiler due to the application of heat recovery (2998 W), therefore the application of heat recovery is justified for this case.
During the heat recovery from the exhaust air, the exergy consumption in the heat recovery unit is inevitable.
Due to heat transfer between air streams, there is exergy consumption in the heat recovery unit and also due to the efficiency being less than 100% (exergy is necessarily consumed even if the 100% energy-wise efficiency is possible), it is not possible to fully recover the thermal exergy from the exhaust air. A certain amount of air with exergy is being discarded into the environment after the heat recovery, and hence it is lost. This amount of exergy would vary in different locations: in the present case of Denmark, due to low outdoor temperature, it has higher exergy compared to another location with a mild climate.
The exergy consumption in the heat recovery unit for the warm-air heating case is 37.2 W (40.6 W including the exergy of the discharge air), and for the floor heating and radiator cases is 9.6 W (10.5 W including the exergy of the discharge air).
4.5.Overall discussion
Although the heat losses from the distribution and emission systems were not considered in this study, heat losses should be minimized for high energy-and exergy-wise performance of heating systems.
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Heat source and terminal unit selection would depend on the available products, costs, location of the building (connection to a district heating network, regulations regarding use of the ground, etc.), additionally, pressure drops would also change depending on the piping lay-out. Pressure drops will affect the necessary pumping powers. Given the overall possibilities and limitations of system selection, to achieve exergy-efficiency, the system and all its components should be considered as a whole from the beginning of the design process. It is crucial to minimize the demand of the building; this would enable to use a broad range of heat sources (ground, lake, etc. especially those to be found in our surroundings), among the available heat sources, the most environmentally friendly and sustainable heat source should be chosen to meet the exergy demand of the building.
Conclusion
Exergy performances of different space heating systems (floor heating, radiator heating, and warm-air heating)
were compared in this study. In addition to the thermal exergy, these systems were also compared in terms of auxiliary exergy used for pumps and fans. The relative benefits of applying heat recovery on the ventilation system were also studied.
The main conclusions from the analyses are as follows:
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2. Coupling of a natural gas fired condensing boiler with the floor heating system is not an efficient strategy due to the mismatch of the exergy supply and demand. Therefore it does not allow taking advantage of the low exergy demand of the radiant floor heating system.
3. Using a heat pump instead of a boiler as the heat source could provide a better match for the low exergy demand of the floor heating system, but there is a critical COP value and only above this COP value it is beneficial to use a heat pump instead of a boiler. It is also crucial to account for the source of electricity supplied to the heat pump (e.g. generated at a remote, fossil fuel power plant or at a nearby renewable energy plant).
4. Subjective choices on floor covering have significant effects on the performance of the floor heating system and on the whole system. Higher floor covering resistance hinders the performance of the whole system. When comparing the cases with the lowest and highest floor covering resistances, the exergy consumption in the floor structure doubles and the required exergy input to the floor structure increases by 16% with a higher floor covering resistance. This means that to obtain the same space heating effect, higher electricity input is required to the heat pump, and 14% higher exergy input is necessary to the power plant where the electricity is generated.
In order not to hinder the performance of a radiant system (floor heating, floor cooling, ceiling cooling and so forth), the covering resistance should be kept to a minimum, providing that structural and maintenance (e.g. wear and tear on floor coverings) concerns can be met and that the occupants are aesthetically satisfied.
5.
The present analyses showed that the water-based systems require lower auxiliary energy use than the air-based heating system. This is a clear benefit of water-based systems over air-based systems. To fully benefit from the low-exergy heating potential of the low temperature heating systems, the dimensioning M A N U S C R I P T
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6. For a heat recovery unit to be beneficial, the thermal exergy gained from the heat recovery (from the exhaust air) must be greater than the exergy supplied to the exhaust fan, and this analysis should be carried out before deciding on the application of heat recovery. In the current analyses the application of heat recovery proved to be beneficial: the extra exergy input required at the power plant for the additional fan in the case of warm-air heating with heat recovery was 357.4 W which is significantly smaller than the reduced exergy input to the boiler due to the application of heat recovery (2998 W). Floor heating had lower exergy demand and consumption compared to other systems.
Using a boiler with floor heating creates a mismatch in exergy supply and demand.
The source of electricity to a heat pump should be considered when comparing it with a boiler.
Floor covering resistance should be minimized to fully benefit from low temperature heating.
